With the advent of air-stable, commercially available, and functional group-tolerable ruthenium-carbene catalysts, olefin metathesis has become a powerful tool for carbon-carbon double bond formations, with various applications reported over the past decade. 1 Meanwhile, tandem reactions, which involve ruthenium-catalyzed olefin metathesis followed by other transformations, have also been reported, giving non-metathetic products. 2 These tandem reactions broaden the synthetic utility of metathesis-active ruthenium-carbene catalysts beyond olefin metathesis, and provide an important tool for the rapid and efficient synthesis of complex molecules from simple starting materials. Recent examples include ring-closing metathesis (RCM) with Kharasch addition, 3 olefin isomerization, 4 oxidation process, 5 and hydrogenation; 6 cross metathesis (CM) with intramolecular aza-Michael reaction, 7 intramolecular oxa-conjugate cyclization, 8 and intramolecular hydroarylation; 9 and ring-closing enyne metathesis (RCEYM) with cyclopropanation, 10 metallotropic [1, 3] -shift, 11 and hydrovinylation. 12 In these tandem reactions, the use of N-centered heteroaromatic nucleophiles remains unexplored, in contrast to the reported use of an N-centered aliphatic nucleophile in the tandem CM/intramolecular aza-Michael reaction, 7 in spite of the importance of optically pure N-heteroaromatic compounds as pharmacophores in biologically active natural products. 13 Therefore, we planned an asymmetric formal synthesis of pyrrolopiperazinone natural product via the development of stereoselective tandem CM/ intramolecular aza-conjugate addition reactions using pyrrole as the first use of the N-centered heteroaromatic nucleophile in the metathesis-active ruthenium-catalyzed tandem reactions (Scheme 1). Moreover, it was supposed that the tandem reaction would be performed by the sequential activation of the metathetic intermediate with an active ruthenium species as a Lewis acid, e.g., a ruthenium methylidene complex 7,10 generated from the initiation of the CM process, or a ruthenium hydride species 8, 14 generated from the decomposition of the ruthenium methylidene complex under high temperature conditions.
Pyrrolopiperazinone is one of the key skeletons found in pyrrole alkaloids, which are a class of marine natural products with a variety of potent biological activities. 15 Examples of pyrrolopiperazinone natural products include hanishin, 16 longamide B, 17 longamide B methyl ester, 18 cyclooroidin, 19 and the agesamides 20 ( Figure 1 ). They were isolated from sponge Agelas species, except for hanishin, which came from Acanthella species, and exhibit interesting biological properties such as cytotoxic activity and antibiotic activity. Although these pyrrolopiperazinone natural products have considerable biological activities and chemical skeletons, and thus are potentially useful for the development of pharmaceuticals, few reports on the asymmetric syntheses of the above pyrrolopiperazinone natural products are available. The only reports involve synthetic routes using Pd-catalyzed asymmetric annulation 21 and chiral pool 22 for the asymmetric synthesis of the pyrrolopiperazinone natural products. 23 Therefore, the development of a new route for the asymmetric synthesis of the pyrrolopiperazinone natural products is highly desirable. Herein, we report the concise asymmetric formal synthesis of the pyrrolopiperazinone natural products via the diastereoselective tandem CM/intramolecular aza-conjugate addition of acrolein to substrates 3 having pyrrole as the N-centered heteroaromatic nucleophile (Scheme 2).
To explore the feasibility of using the diastereoselective C, until the substrate was no longer consumed, at which point the reaction mixture was evaporated onto silica gel and the product was isolated by silica gel chromatography. metathesis-active ruthenium-catalyzed tandem CM/intramolecular aza-conjugate addition as the key reaction for the asymmetric formal synthesis of the pyrrolopiperazinone natural products, we first prepared substrates 3 bearing (R)-1-arylethyl groups as a chiral auxiliary to control the asymmetric induction in the tandem reactions (Scheme 3). The substrates 3a and 3b were obtained by amide bond forming reactions of commercially available 4,5-dibromo-1H-pyrrole-2-carboxylic acid (1) with a series of (R)-N-allyl-1-arylethylamines 2a and 2b using EDC·HCl-DMAP as coupling reagents and HOBt as a deracemization additive. Good yields were obtained without any racemization, as determined by chiral HPLC analysis (Chiralcel OD-H) with a racemic standard. With the substrates 3a and 3b prepared, the diastereoselective tandem CM/intramolecular aza-conjugate addition reactions of acrolein to the substrates 3 using Hoveyda-Grubbs 2nd generation catalyst (HG-II) in dichloromethane at ambient temperature were carried out ( Table 1 , entries 1-2). Among the substrates 3a and 3b tested, gratifyingly, substrate 3b, bearing the bulkier chiral (R)-1-(1-naphthyl)ethyl group as the chiral auxiliary, provided the corresponding tandem product 4b in 55% yield as a 2.3:1 mixture of diastereomers, without the metathetic intermediate. When HG-II was replaced with Grubbs 2nd generation catalyst (G-II) at 40 o C, with the other reaction conditions remaining the same, the tandem product 4b was obtained with a decreased yield of 32% and diastereomeric ratio of 1.3:1 (Table 1 , entry 3 vs. entry 2). Hence, HG-II proved superior. By varying the reaction temperature to increase the yield and the diastereomeric ratio of the tandem reaction, ambient temperature was identified as the ideal temperature for the tandem reaction (Table 1 , entry 4 vs. entry 2). Then, using a portionwise addition method for HG-II (Table 1 , entries 5-6), indeed, when the two 5 mol % additions of HG-II were carried out at an interval of two hours in the tandem reaction, the tandem product 4b was obtained in 56% yield and an increased diastereomeric ratio of 3.3:1 (Table 1, entry 6). In cases where the reaction with the intervals of two hours for the HG-II additions was carried out longer than four hours, no further increase in the yield of 4b was obtained (Table 1, entry 7) .
To complete the asymmetric formal synthesis of the pyrrolopiperazinone natural products, reduction of the tandem product 4b-I was performed with sodium borohydride in ethanol at 0 o C, affording the alcohol 5 in 94% yield (Scheme 4). Finally, the removal of the (R)-1-(1-naphthyl)ethyl group of 5 with methanesulfonic acid and anisole in nitromethane at reflux provided the useful intermediate 6 in the synthesis of the pyrrolopiperazinone natural products, as reported earlier, in 80% yield. The spectroscopic and analytical data for 6 were in full agreement with those reported. 21,22b The pyrrolopiperazine natural products such as hanishin, 22b longamide B, 21 longamide B methyl ester, 22b cyclooroidin, 22a and the agesamides 21 can be synthesized from the intermediate 6 in a few steps according to procedures found in the literature.
In summary, we achieved the concise asymmetric formal synthesis of the pyrrolopiperazinone natural products, via the diastereoselective tandem CM/intramolecular aza-conjugate addition reaction, from 4,5-dibromo-1H-pyrrole-2-carboxylic acid (1) to the key intermediate 6 in only four linear steps. The tandem reaction of substrate 3b, bearing the (R)-1-(1-naphthyl)ethyl group as the chiral auxiliary, was performed using HG-II as a single species to carry out the sequential reaction, affording a 56% yield of the non-metathetic product, pyrrolopiperazinone 4b, as a 3.3:1 mixture of diastereomers. In addition, this is the first example of pyrroles as an N-centered heteroaromatic nucleophile in the metathesis-active ruthenium-catalyzed tandem reactions. Future studies will be devoted to the development of new metathesis-active ruthenium-catalyzed tandem reactions and their application to the synthesis of biologically active natural products.
Experimental Section
General Procedure for the Synthesis of Substrates 3a and 3b. S)-6,7-Dibromo-1-oxo-2-((R)-1-phenylethyl)-1,2,3,4-tetrahydropyrrolo[1,2-a]pyrazin-4-yl)acetaldehyde (4a) . Dichloromethane (2 mL, 0.1 M), acrolein (40 μL, 0.6 mmol) and Hoveyda-Grubbs 2nd generation catalyst (12.5 mg, 0.02 mmol) were added to a 10 mL round-bottomed flask charged with (R)-N-allyl-4,5-dibromo-N-(1-phenylethyl)-1H-pyrrole-2-carboxamide (3a, 82 mg, 0.2 mmol) at room temperature and the mixture was stirred for 4 hours. After that time, the solution was concentrated to dryness and purified by flash chromatography (SiO2, 20% EtOAc/hexanes) to provide 4a-I as major diastereomer in 24% yield (21 mg, a light brown solid), and 4a-II as minor diastereomer in 10% yield (9 mg, a yellow solid), respectively (total yield: 34%): 
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